Introduction
Natural and seminatural grasslands are sources of biodiversity and provide important ecosystem services [1, 2] . Improper grassland management often leads to decreasing diversity, threatens ecosystem health and the reliability of ecosystem services [3, 4] . Marginal and transitional habitats are especially vulnerable to threatening factors [5, 6] . In the Pannonian biogeographical region most of the natural and seminatural grasslands have been maintained in dry, nutrient poor environments or in secondary habitats after forest clearing and cropland abandonment [7] [8] [9] [10] .
Yellow bluestem (Bothriochloa ischaemum (L.) Keng) is one of the species which aggressively spread into transitional or degraded grassland habitats. This C 4 perennial bunchgrass is native in Hungary. Originally it is a subordinated component of slope steppe habitats living in small gaps of the grassland or appearing on nutrient poor eroded surfaces with drier and warmer micro-habitats [11, 12] . However, it is also spreading into overgrazed and successional habitats where the plant coverage is low and the microclimatic conditions are extreme [13, 14] .
Grasslands on south-facing slopes are specially exposed to the invasion of C 4 grasses [12] [13] [14] [15] . Studies reporting the spread of these species agree that climate change can strengthen this process worldwide [16] . On the other hand overgrazing and improper management can lead to the spread of C 3 grasses for example Brachypodium genuense [17, 18] . Yellow bluestem as a typical C 4 grass appears invasive in several part of the world reducing biodiversity [19] [20] [21] and the economic value of grasslands [22] . Therefore, it is important to study and understand the patterns and mechanisms that regulate the spread of yellow bluestem and to recognize the related changes in plant community structures.
Grasslands dominated by invasive species have remarkable spatial heterogeneity in community structure [13, 14, 23] . This spatial heterogeneity is often represented by beta diversity and there is an ongoing debate on the relationship between beta diversity and invasibility [24, 25] . Most of these studies investigated large-scale patterns of landscapes or continents [24, 26] but little is known about community-level beta diversity patterns. We argue that alpha diversity, although routinely used in grassland monitoring [27] [28] [29] , is less effective indicator of community changes than beta diversity. Therefore, we decided to use beta diversity for measuring the effect of yellow bluestem. Our preliminary studies showed that within-community patterns of species composition were good indicators of grassland succession and degradation [13, [30] [31] [32] . In addition to be a good indicator, beta diversity reflects important constraints of the spatial organization of vegetation [31, 33, 34] .
The aim of this study was to assess the changes in grassland community structure due to yellow bluestem invasion in mid-successional grassland communities developing on abandoned agricultural fields. We chose this type of community because it was more exposed to invasive species, and yellow bluestem typically developed large abundant stands in these grasslands. We compared stands with high and low yellow bluestem impacts and estimated the magnitude of alpha and beta diversity changes. We were also interested to compare the role of yellow bluestem to the role of other dominant grasses present in these grasslands.
We made the following hypotheses: H1: Yellow bluestem is a strong competitor, it monopolizes resources and outcompetes other species. This effect is spatially restricted to patches colonized by yellow bluestem. Therefore, we expect decreasing alpha diversity but increasing beta diversity in communities invaded by yellow bluestem. As beta diversity appears due to the spatially heterogeneous distribution of yellow bluestem, beta diversity will be more pronounced at coarser scales.
H2: The phenological optimum of yellow bluestem is in late summer -early autumn, much later than the phenological optimum of most other species in the grassland community. Therefore, we expect strong seasonality of yellow bluestem effects, with minor influence on the spring aspect but with considerable influence on the autumn aspect of the community.
H3: The typical dominant species of these grasslands (Elymus repens, Poa angustifolia, Bromus inermis, Festuca spp.) also form distinct patches during their colonization and establishment. Therefore, we asked if diversity loss during grass invasion is a general phenomenon and we hypothesize that all mid-successional perennial grasses will show similar phenomenon at the stage of their invasion.
Experimental Procedures

Description of sample areas
The experiments were carried out on a sheep pasture (150 ha) situated in a northwest-southeast valley near Kisfüzes in the Mátra which is part of the North Hungarian Mountains. The average annual temperature is 9°C, while the average temperature in the vegetation period is 16°C. The average annual rainfall is 560 mm and the average rainfall is 360 mm in the vegetation period. The soil of the sample area is degraded brown forest soil. The steep south-western slope under investigation creates dry and warm conditions for the vegetation. The erosion is also considerable, which delays natural succession. Our study was carried out in a south-western (20 ha) paddock, at 200-210 m altitude. The sample area was a vineyard 40 years ago, so it can be considered an old field. The pasture was grazed all year round by 150 texel ewe and their lambs. Rotational grazing system was used and the whole pasture area was divided into five paddocks. Shredding was accomplished every October. No chemicals were used and the area was not overseeded, so the actual vegetation is the result of natural succession. The most common perennial species of the grassland are Poa angustifolia, Bromus inermis, Achillea nobilis, Plantago lanceolata, Verbascum phoeniceum and Bothriochloa ischaemum.
Standardized sampling protocol
Fine-scale (i.e., high resolution) vegetation analysis was used for measuring the effect of yellow bluestem on the beta diversity of grassland community. There were 6 large plots marked -each 23×3 m -in the appointed grassland during spring of 2011. Three of them were dominated by yellow bluestem while this critical species was very rare (<10% frequency) in the three remaining plots. In each plot, the presence of plant species were recorded along 52.2 m long belt transect of 1044 units of 0.05x0.05 m contiguous microquadrats. The transects were permanently marked. Two surveys were taken, one on [12] [13] th May 2011 and another on 12-13 th Septebmer 2011.
This sampling protocol has been tested and applied successfully in many grasslands ecosystems [32, 33, [35] [36] [37] . The large number and small size of microquadrats ensure the precise estimation of frequency and spatial patterns of species and species combinations. Comparing with other sampling designs (e.g. recording two-dimensional spatial coordinates of individuals or presences in high-resolution grids), transect sampling is much faster and less destructive. Therefore it can be applied in extensive vegetation surveys and long-term monitoring as well [32, 36] .
Data processing
We applied an established methodology of spatial scaling and analyses [30] [31] [32] [33] 37, 38] . For representing beta diversity (i.e. the fine-scale spatial variability of species compositions), we estimated the number of species combinations at increasing plot sizes. With high resolution sampling and large sample sizes (N=1044), we efficiently could estimate all realized species combinations (as structural modules) in the community, receiving a very detailed, high resolution picture about the spatial variability and complexity of within-stand coexistence relationships. Species combinations were measured across a range of scales from 0.05×0.05 m to 0.05×25 m by merging two, then three, then four, …etc. consecutive microquadrats by subsequent computerised samplings from the baseline transect data sets (spatial series analysis). This computerized sampling and the calculation of species combinations was performed by the PRIMPRO program [31] .
The pairwise spatial associations between the spatial pattern of subordinate species richness, the patterns of rooting ramets of dominant grasses (Bothriochloa ishaemum, Elymus repens, Poa angustifolia, Bromus inermis, Festuca rupicola and Festuca pseudovina), and the pattern of local litter accumulations were also calculated. Litter was marked in a microquadrat if its cover was more than 80%. The number of subordinate species (i.e. the number of species other than the dominant grass species listed above) was counted in each microquadrat. Microquadrats with S=0, i.e. where no subordinate species were present was marked, then the spatial pattern of this low diversity microsites was correlated with the spatial patterns of other variables. Interspecific association was estimated in space series analysis using 2x2 contingency tables, according to the methods of Juhász-Nagy and Podani [30] . The significance of associations was detected by MonteCarlo randomization tests. 999 "random shifts" of the individual patterns of variables were used for testing the null hypotheses that patterns are spatially independent. Adjusted p-values were used for the multiple tests. We used "random shifts" as a neutral model to avoid the artifacts due to aggregated patterns of clonal grasses or due to the large sizes of individual ramets (see [39] for further explanations, [31, 35] for the softwares).
Results
The number of species was lower in both spring and autumn in transects dominated by yellow bluestem ( Table 1 ). The average difference between the two sample areas (yellow bluestem dominated and control field) was 21 species in spring and 17 species in autumn. In general, species number was lower in both sample areas during autumn.
The control transects represent typical midsuccessional grasslands ( Besides the high proportion of perennial grasses and dicotyledonous species, the frequency of three annual species was over 10% in the control transects. These include Arenaria serpyllifolia (6.0-13.0%) and Veronica arvensis (41.0-48.8%) in spring, while Setaria pumila (22.2-27.4%) in autumn. The number of species with frequency >5% was much higher in the control transects.
Bothriochloa ischaemum was present but only sporadic in control transects. The presence of annual species was negligible in transects dominated by yellow bluestem while their number and frequency was higher in the control transects. Setaria pumila, which is an annual species flowering from August to October, appeared in the yellow bluestem transects but with significantly lower frequency than in the control transects due to the high coverage of the yellow bluestem. In most cases the frequency of perennial species decreased in the yellow bluestem dominated transects. At the same time these species, including important grass species like Bromus inermis, Poa angustifolia or Festuca rupicola, became more frequent in the control transects in autumn. There were only five species with frequency >10% in transects dominated by yellow bluestem (Table 3) . Bothriochloa ischaemum was the most frequent of all of them with a frequency ranging from 33.0 to 47.2%. The second and third most common species were Bromus inermis (15.6-31.1%) and Poa angustifolia (10.0-16.6%), respectively.
Beta diversity was scale dependent. We scaled compositional variability between 0.05 m and 25 m (Figure 1 ). Most variability (the highest beta diversity) Significant positive spatial associations were found between the low diversity microsites (i.e. microsites without subordinate species (S=0)) and the local presence of yellow bluestem and litter (Table 4) . Tests with other grass species (Elymus repens, Poa angustifolia, Bromus inermis, Festuca pseudovina and Festuca rupicola) were not significant (not shown here), i.e. these grasses were not associated to the low diversity microsites. The associations were scale dependent, most significant associations appeared between 0.05 m and 0.5 m. No significant associations were found above 1 m scale. 
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This positive associations between low diversity microsites and yellow bluestem were consistent over transects and seasons in yellow bluestem dominated transects. Seasonality appeared in the control transects, where positive spatial associations were found in autumn, but independence in spring. It can be explained by the low number of low diversity microsites in spring (Figure 2 ). Positive associations were found between yellow bluestem and litter in almost all case (except 2 control transects in spring).
Discussion
Dominant species usually exert strong competitive effects on subordinate species [40] [41] [42] . Our results provide additional evidence to this finding. Alpha diversity was lower in all transects dominated by yellow bluestem. This is consistent with previous studies on Bothriochloa ischaemum [22, 43] and other grasses [44] [45] [46] . As an unexpected result, we found significant decrease in beta diversity as well. While ca. 30% of alpha diversity was lost due to yellow bluestem, beta diversity differences were much higher, 90% of compositional variability was lost due to yellow bluestem invasion. These results show that traditional statistics recording only alpha diversity may seriously underestimate the changes that appeared due to yellow bluestem invasion. Sites invaded by yellow bluestem are virtually more heterogeneous showing remarkable physiognomic differences. They virtually appear as a two-phase mosaic of yellow bluestem dominated patches and non-invaded vegetation. Contrary to our expectation, this mosaic had lower beta diversity than the physiognomically more uniform control vegetation when beta diversity was quantified with precise methodology [33] . Bassett et al. [25] found higher betadiversity in the presence of an invasive species [25] . However, they worked in an aquatic system where the diversities of invaded and non-invaded patches did not differ. Because most research links beta diversity and plant invasion at landscape scale [24] further studies Table 4 . Fine-scale spatial associations between low diversity microsites (S0) and the spatial patterns of yellow bluestem and litter (critical value for significance P<0.006) (0 independence, 1 positive association).
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Figure 2.
The effect of yellow bluestem on the fine-scale distribution of subordinated species richness. For simplicity we distinguished only 0.05x0.05 m micro-quadrats with zero, one or more subordinated species, and data from the three replicated transects (with same season and treatment) were pooled.
are necessary to clarify this relationship at community level.
In our study, beta diversity was represented by the number of realized species combinations [33] . This methodology (cf. [30, 31] has been proposed recently for vegetation monitoring [32, 36, 37] . By distinguishing all realized species combinations (instead of using mean composition) we receive a very detailed record about local coexistence relations. When it is calculated in space series, it actually reports how species live together at different scales. The sizes of individuals in plant communities vary considerably, from a few centimetres (seedlings and short-lived annuals) to several meters (large aggregates of clonal perennials) (cf. [35, 47] ). To understand how individuals of different sizes interact, we used the space series analysis, i.e. we applied a series of increasing sampling unit sizes which fit to all sizes of plants and provided an account of plant neighbourhood relationships at various relevant scales. We scaled compositional variability between 0.05 m and 25 m and found that most of the compositional variability appears between 0.1 m and 0.5 m. This magnitude of scales corresponds to the magnitude of sizes of most abundant plant species in this grassland. Most studies in plant community ecology use 2x2 m or larger sampling unit sizes for evaluating vegetation [48] . Our results show clearly that traditional sampling designs -used routinely in vegetation science -probably underestimate diversity changes. This bias in pattern recognition might have important consequences for detecting and managing environmental problems.
Differences between Bothriochloa dominated and control transects showed a seasonal effect, because alpha and beta diversity were slightly lower in autumn. However, the negative effect of yellow bluestem on diversity was apparent in both seasons. Fine scale analyses of spatial associations between yellow bluestem and the low diversity (S=0, where no subordinate species were present) microsites revealed significant spatial dependence. We found positive spatial association between the microsites without subordinate species (S=0) and the local presence of yellow bluestem. This positive association was consistent over the replicated transects and over seasons in yellow bluestem dominated vegetation patches. Interestingly, this positive spatial association also appeared in all control transects in autumn, i.e. the negative effect of yellow bluestem was already present in the early stage of invasion at low abundances of yellow bluestem (2-9% frequency). No effects were found in control transects in spring. So seasonality was important only in the control transects. What mechanisms are responsible for the spring effect of yellow bluestem? Our results showed that yellow bluestem was frequent in spring in the yellow bluestem dominated transects, but the size of ramets was small and its effect could be minor. However, we also found positive association between the rooting yellow bluestem and the micro-scale presence of plant litter. Therefore, we assume that the effect of yellow bluestem is mediated by litter. Similar effects have been reported from several ecosystems [49] . Yellow bluestem produces considerable amount of litter that remains persistent around the individuals. Litter is known to have strong effect on vegetation diversity [50, 51] . In most cases the effect is negative on local plant diversity [46, 49, 52, 53] .
Our fine-scale analyses revealed a tendency for the competitive exclusion of other species from microsites occupied by yellow bluestem. Figure 3 illustrates these fine-scale changes in the spatial organization of plant community during the process of yellow bluestem invasion. It shows the stochastic processes of filtereffects resulting in low diversity. Experimental evidences confirm the competitive superiority of Bothriochloa ishaemum [21] . There are several traits (e.g. bunchgrass architecture; reproduction by rhizomes, stolons, and seeds via apomixis; small seed sizes; good dispersal ability; very plastic morphological traits; rapid growth to sexual maturity) that explain the competitive advantage of Bothriochloa ishaemum [21, [54] [55] [56] [57] .
It is a general phenomenon that grass species become excessively dominant shortly after establishment [40, 41] . Therefore we asked the question if other grass species that are co-dominant in the studied grassland would have similar effect on local diversity. Therefore we repeated the same fine scale spatial association analyses for all abundant grassland species (Elymus repens, Poa angustifolia, Bromus inermis, Festuca pseudovina and Festuca rupicola), however, no significant associations found. This means that these species do not hinder the colonization of subordinate species. The influence of existing vegetation on the immigration of new species is an important issue in vegetation succession [44, 45] . The rate of immigration is the highest in early succession then it decreases exponentially. Immigration rate also varies spatially due to the identity of dominants, i.e. due to the characters of the vegetation matrix [42] . The concept of "plant successional window" [58] [59] [60] has been developed for describing this phenomenon. Our findings suggest that "plant successional window" is closed in patches dominated by yellow bluestem but it remain open in other vegetation patches.
The suppressive role of yellow bluestem calls for some restoration management option. Prescribed fire would be a solution against the accumulating litter. However, burning is known to promote the growth of C 4 grasses [61] , therefore it cannot be recommended. Mowing is not feasible because of the low productivity. Grazing is not feasible as well because of the low nutritional value of yellow bluestem. Still we propose early spring sheep grazing and related trampling to force back the spread of this species.
Bothriochloa ischaemum is known in Hungary to be related to grazing intensity. Its abundance is considered as an indicator of grassland degradation due to overgrazing [14, 22, 43] . This role will probably change due to climate warming. According to a recent assessment in Inner Mongolia, the distributions of C 4 grasses were determined by growing season temperature while the effect of stocking rate was not significant [62] . The coenological role of yellow bluestem will probably change as climate change disturbs the present balance of C 3 /C 4 species. Therefore, studying the ecological behaviour of invasive species remains a hot topic in community ecology [63, 64] .
Conclusions
Our study shows that the spread and local dominance of yellow bluestem result in considerable loss of biodiversity in mid-succesional grasslands. Beta diversity assessment revealed much larger effects (90% diversity loss) than was previously thought. Fine-scale spatial pattern analyses showed the mechanism behind diversity loss as the local extinction of other species by yellow bluestem. This local extinction is enhanced by the clonal architecture of yellow bluestem and by the accumulation of its litter. Its negative effect on diversity appears in very early stage of yellow bluestem colonization, even in young stands with very low abundance of yellow bluestem. Although yellow bluestem is a typical late summer -early autumn species its negative effect is apparent also in spring. The positive correlation found between yellow bluestem and litter suggests that the unexpected negative effect of yellow bluestem in spring can be explained by the accumulation and persistence of its litter. As a consequence of climate change, the abundance of C 4 grasses will probably increase in the future, and the threat of yellow bluestem remains a great challenge for grassland managers.
